SDS extracts of whole bacteria, representing five species and 15 serovars of Lisferk, were andysed by SDS-PAGE and by immunoblotthg with serum directed against whole formalin-treated L. mowyfogenes. Profiles of L. mnocytqgenes were very different from those of other species of Lisferia (i.e. L. innacua, L. welshimeri, L. seeliigeri and L. ioavrodi. This low degree of similarity between species was found even in the case of common serovam. Within the species L. mnocyfogenes, protein patterns were characterized, 011 the one hand, by a higb degree of homogeneity between all strains of the same serovar and, 011 the other hand, by large differences between serovam, especially between sv. 1/2 and 4b. Thus we have identified mqjor, surface-located protein antigens, specific for L. monocytogenes, either cornmoll to all serovars (64 and 68 kDa) or characteristic of certain serovars: 98 kDa for sv. 112 and 3; 76 and 78 kDa for sv. 4b, 4d and 4e; and 80 and 100 kDa for sv. 4a and 4c. Moreover, some of these bands (68 and 98 kDa) might be related to virulence, since differences were noticed between the profiles of haemolytic L. monocytogenes sv. 1/2a differing only in their virulence for immunocompromised mice. All these results confirmed, for the first time, the classif~cation of Lisferh obtained previously by genomic studies.
Introduction
Bacteria of the genus Listeria are widely distributed in nature (Welshimer, 1968) and may be isolated from the intestinal tract of healthy humans (Gray & Killinger, 1966) . Among the five species of the genus Listeria (Seeliger & Jones, 1986) , i.e. L. ivanovii. L. seeligeri. L. welshimeri, L. innocua and L. monocytogenes, defined by the genomic studies of Rocourt et al. (1982) , only L. momcytogenes is commonly pathogenic for humans.
The implication of food products in large outbreaks of listeriosis has shown the need for systematic control of the presence of L. monocytogenes in products at risk, such as dairy products. The detection of Listeria, currently achieved by enrichment procedures in selective broth, is time-consuming. Species identification requires further biochemical tests such as acid production from Lrhamnose, D-xylose and methyl a-D-mannoside, and haemolysin-production (Rocourt et al., 1983) . Clearly then, there is a need for new methods of rapid detection for L. momcytogenes in food products. Moreover, the differences in the level of virulence of L. monocytogenes * Author for correspondence. Tel. 4742 7867; fax 4742 7779.
0001-7099 0 1992 SGM strains, as suggested by epidemiological studies (McLauchlin, 1990) and confirmed in an immunocompromised mouse model of infection (Tabouret et al., 1991) , imply that future methods of diagnosis should be specific for pathogenic L. monocytogenes. The mostsuitable rapid detection systems are based on detection of marker genes using nucleic acid probes or on immunological detection (Pickup, 1991) . More and more nucleic acid probes are being described for the detection of L. monocytogenes but they are not always suited to large-scale use. Development of specific antibodies seems more difficult (Siragusa & Johnson, 1990 ; Bhunia et al., 199 1) and available immunoassays remain specific for the genus Listeria but not for the species L. monocytogenes (Mattingly et al., 1988; Kerr et al., 1990) .
The development of more-specific immunological tools requires a better knowledge of the antigenic structure of Listeria, particularly cell-surface proteins, which have been poorly characterized so far, but which could be involved in the virulence of the organism (Chakraborty & Goebel, 1988) . In order to define specific antigens of L. monocytogenes, we have compared electrophoretic patterns of cell-surface components, firstly from different species of the genus Listeria, and secondly within the species L. monocytogenes for strains of different serovars with different levels of virulence.
Some of the results in this paper were presented at the Congress of the SocietC FranGaise de Microbiologie, Section Microbiologie Alimentaire, Paris, France, March 13-14 1991.
Organisms. Forty-six Lkteria isolates were analysed (Table 1) including one L. welshimeri strain, two L. seeligeri strains, three L. ivanovii strains, three L. innocua strains and 37 L. monocytogenes strains. Within the species L. monocytogenes, 12 serovars were analysed: 1/2a, 1/2b, 1/2c, 3a, 3b, 3c, 4a, 4b, 4c, 4d, 4e and 7. Some isolates were from human outbreaks from France (Carbonnelle et al., 1988) , Canada Surface proteins of Listeria 745 (Schlech et al., 1983) , USA (Fleming et al., 1985; Linnan et al., 1988) and Switzerland (Bille & Glauser, 1988 Production of bacterial extracts. Bacterial isolates were grown in brain heart infusion (BHI) broth for 18 h at 37 "C with shaking (160 r.p.m.) on a G10 gyratory shaker (New Brunswick Scientific). Cells were collected by centrifugation (5000g for 20 min) and washed three times in phosphate-buffered saline (PBS: NaCl, 8g; KCl, 0-2g; CaC12.2H20, 0.1 g; MgC12. H20, 0.1 g; KH2P04, 0.2 g; Na2HP04. 12H20, 2-9g; distilled water to 1000 ml). The resulting pellet was resuspended in PBS (2% of the initial volume) and supplemented with 1 % (w/v) SDS. After 5 min shaking at room temperature, bacteria were centrifuged (1 5000 g for 10 min) and the supernatant was concentrated by ultrafiltration in microconcentrators (Centricon 30, Amicon). The protein concentration of the extracts was determined by using the bicinchoninic acid method (BCA) (Pierce) and bovine serum albumin as the standard protein Extracts were stored at -20 "C.
Electrophoresis. Electrophoresis was performed in 7-5 % (w/v, polyacrylamide) resolving gels and 4% stacking gels by the method of Laemmli (1970) using 0.75 mm thick slab gels and Tris/HCl buffer (pH 6.8). Samples were diluted in an equal volume of sample buffer (2%, w/v, SDS, lo%, v/v, glycerol, 5%, v/v, /?-mercaptoethanol, 0402% bromophenol blue, 0-02 M-Tris/HCl) and boiled for 3 rnin at 100 "C. After electrophoresis (120 min, 60 mA), gels were stained with silver nitrate (Heukeshoven & Dernick, 1985) or with Coomassie blue. For gels stained with silver nitrate, 3 pg of proteins were applied to the wells compared to 80 pg for gels stained with Coomassie blue or transferred to nitrocellulose. A molecular mass standard mixture (SDSdH, Sigma), including carbonic anhydrase (29 kDa), egg albumin (45 kDa), bovine albumin (66 kDa), phosphorylase b (97.4 kDa), /?-galactosidase (I 16 kDa) and myosin (205 kDa), was used in each electrophoresis.
The action of proteinase K was studied to confirm the protein nature of revealed bands. Proteinase K (3 pg ; Boehringer) was added to 150 pg of SDS-extracted proteins diluted (l/lO, v/v) in Tris/HCl (0-125 M, pH 6-8). After incubation (2 h at 50 "C and overnight at 20 "C), treated extracts were analysed by SDS-PAGE as described above.
Comparison of protein patterns. The average similarity, S, between two strains was assessed by the Coincidence Index of Dice (Lamont et al., 1986) , whereby average similarity = (number of matching bands x 2)ltotal number of bands in both strains. This calculation was based on a visual comparison of bands above 40 kDa. It was performed only between patterns on the same gel because visual comparison did not allow the correction of gel-to-gel variations. All strains were run several times to confirm results. Strains were then clustered by the method of unweighted pair-group with arithmetic averages (upom) (Johnson & Wichern, 1982) . Production of antisera. Antisera were produced in New Zealand White rabbits against killed, whole, washed L. monocytogenes sv. 1/2a (strain 60) or 4b (strain 15). Bacteria were grown in BHI broth for 18 h at 37 "C with shaking, washed three times by centrifugation (5000 g for 20 min) in saline (0.85% NaCl) and harvested in saline containing 0.3% formaldehyde (5 x 108 bacteria ml-l) to kill the bacteria. Preimmune sera were collected and rabbits were immunized intravenously at 4 d intervals with the following d d s : 0.5 ml, 1.0 ml, 1.5 ml, 2.0 ml and 2.5 ml (Seeliger & Hahne, 1979) .
Immunoblotting. After electrophoresis, proteins were transferred to nitrocellulose sheet (BASS, Schleicher and Schuell) using a semidry fast electroblottcr (Biometra). The buffer was 48m~-Tris, 3 9~-glycine, 0.0375% (w/v) SDS and 20% (v/v) methanol, and a constant current of 0-8 mA cm-2 was applied for 1 h at 20 "C. The nitrocellulose was then saturated overnight with 0.5% gelatin and incubated for 90 rnin in rabbit antiserum diluted in PBS containing Tween 20 (0.1 %) and gelatin (0.5%). After three washings in PBS containing 0.1 % Tween 20 the nitrocellulose paper was incubated for 60 rnin with goat anti-rabbit immunoglobin G linked to horseradish peroxidase (Nordic) diluted 1 in 1000 in PBS/Tween/gelatine. After two washes in PBS/Tween and two in PBS, immunoreactive bands were revealed by using rbchloro-1-naphthol (HRP colour development reagent, BioRad; 0.5 mg ml-I) and H 2 0 2 (0.03% v/v).
Bwtinylatwn of cell-surface proteins of Listeria. To check that proteins extracted with SDS were cell-surface proteins, cells were labelled with biotin for a short time just before extraction with SDS. Briefly, after harvesting and washing the bacteria, the pellet was resuspended in PBS (pH 8.0, 4 "C). Cells were then treated with sulpho-NHS-biotin (Pierce; final concentration 0.5 mg ml-I) (Lisanti et al., 1988) for 2 min with gentle shaking. Bacteria were washed three times in PBS (pH 7.4). Extraction with SDS was performed as described above and extracts were analysed by SDS-PAGE and Western blotting. Detection of biotinylated protein on nitrocellulose membrane was performed, after saturation, using peroxidase-conjugated streptavidin (Jackson) diluted (1 in 1500) in PBS/Tween/gelatine (90 min). Reactive bands were revealed as described above with 4chloro-1-naphthol and H202.
General features of SDS extracts and PAGE patterns
SDS-PAGE of SDS extracts showed between 20 to 50 bands with molecular masses in the range 29-120 kDa. The differences between the heavily stained bands were more numerous in the 40-100 kDa region. The reproducibility of SDS extracts was very high : studied for four L. monocytogenes strains (sv. 1/2 and 4b), similarities between patterns, as assessed by the Dice Coincidence Index of independently prepared extracts of the same strain, were always larger than 95 %.
The protein nature of major bands was assessed firstly by their colouration with Coomassie blue, secondly by their degradation with proteinase K and lastly by their capacity to fix biotin (not shown).
The surface location of the proteins was suggested by the absence of lysis of Listeria during extraction and was assessed, using two L. monocytogenes strains (sv. 1/2a and 4b), by labelling surface proteins with biotin just before extraction with SDS. All major bands in PAGE patterns were labelled with biotin in under 2 min of contact with bacteria (not shown). This very short time confirmed the surface location of extracted major proteins.
Comparison of the patterns of direrent Listeria species
SDS-extracted protein patterns were strictly specific for species (Fig. 1) . Only a few major bands appeared common to all species and they were mostly located in the lower part of the gel (42 and 50kDa). Large differences could be seen between protein patterns of L. monocytogenes, L. innocua, L. seeligeri, L. ivanovii and L. welshimeri and, interestingly, these differences between species were also found in the case of common serovars (for instance L. seeligeri and L. monocytogenes sv. 1/2a or 1/2b). The representation of these differences was assessed by the calculation of the average similarity, S, with visual comparison. In spite of the visual comparison, good reproducibility was obtained because of the high resolution of gels. Analysis of clusters confirmed the clear distinction between L. monocytogenes and the other species (S = 51 %) (Fig. 2) .
The specificity of protein patterns was even more marked in immunoblotting where only immunoreactive bands were selected. Only a few bands were revealed in non-L. monocytogenes species (Figs 3 and 4) , especially with serum against L. monocytogenes sv. 1/2a. By comparison, preimmune sera (diluted 1 in 100) did not reveal any bands in SDS extracts of the various species of Listeria. Therefore, results of immunoblotting, as with those of SDS-PAGE, showed that numerous bands seemed to be specific for L. monocytogenes with, however, large variation between serovars.
Comparison of SDS-PAGE patterns from various serovars of L. monocytogenes.
Within the species L. monocytogenes, protein patterns appeared strictly related to serovar. As a first step, we studied in detail sv. 1/2 (12 pathogenic isolates) and 4b (nine pathogenic isolates), which constitute from 93 to 98.5% of L. monocytogenes strains isolated from the environment and from clinical cases (McLauchlin, 1990; Espaze et al., 1990) . Strains of sv. 4b constitute a very homogeneous group (S = 86%) (Fig. 2) , whose profiles were characterized by the association of two major characteristic bands at 76 and 78 kDa (Fig. 1) . Apart from some common bands (42, 50, 66 and 68kDa), patterns of strains of sv. 4b were clearly different from those of strains of sv. 1/2, characterized by the association of three major bands at 60, 64 and 98 kDa (Fig. 1) . The strains of sv. 1/2 constitute a less homogeneous cluster (S = 68%) without clear distinct patterns for sv. 1/2a, 1/2b and 1/2c.
In spite of the weak similarity in SDS patterns, immunoblotting showed a large antigenic community between sv. 4b and 1/2 (Figs 3 and 4): the 4b antiserum reacted in the profiles of sv. 4b with three major bands (56,76 and 78 kDa), but also with the two major bands at 60 and 98 kDa in the profiles of L. monocytogenes sv. 1 /2. This same serum showed that the 64 kDa major band of L. monocytogenes sv. 1/2 was also present in extracts of sv. 4b (Fig. 3) . The 1/2 antiserum revealed mainly the 98 kDa band in the profiles of sv. 1/2, as well as two bands at 64 and 68 kDa which seemed common to sv. 1/2 and 4b (Fig. 4) . L. monocytogenes strains from less frequent serovars could be divided into four distinct groups. Firstly, sv. 4d and 4e (S=90%) showed high similarity with sv. 4b (S = 88%)); they presented, in particular, two bands at 78 and 76 kDa, albeit of the lowest intensity (Fig. 5) . Secondly, sv. 3 (3a, 3b and 3c) had a high degree of similarity with sv. 1/2 (75 % < S < 83 %), in particular the characteristic band at 98 kDa (although expressed weakly in sv. 3c). Thirdly, the pattern of sv. 7 was intermediate between the patterns of sv. 1/2 (S = 79%) and sv. 4b (S = 76%). Finally, sv. 4a and 4c (S = 86%) constituted a distinct group with a similarity of 66% with sv. 1/2 and 4b. Strains of these two serovars were characterized by two major bands at 80 and 100 kDa.
Immunoblotting with sv. 4b antiserum (Fig. 6 ) and with sv. 1/2 antiserum (not shown) showed an antigenic community between all serovars of L. monocytogenes. The 64 and 68 kDa bands, which are difficult to see in SDS-PAGE of some strains (Fig. 5) , appeared to be common to all serovars in immunoblotting with anti-1/2 serum. The four groups previously described were reduced to three, since in immunoblotting sv. 7 was not distinguishable from sv. 1/2 and 3, presenting in particular a weak band at 98 kDa (Fig. 6) . The 100 kDa band of sv. 4a and 4c was not revealed with sv. 1/2 antiserum, showing its clear distinction from the 98 kDa antigen: By contrast, the 80 kDa band of these strains was strongly revealed by sv. 4b antiserum, suggesting its M . Tabouret, J . De Rycke and G . Dubray homology with antigens of L. rnonocytogenes sv. 4b. Serovar 4a was characterized by several immunogenic bands above 100 kDa (Fig. 6) .
Identijcation of proteins associated with virulence
To establish a possible relationship between protein pattern and virulence, we first compared profiles of L. monocytogenes sv. 1/2a producing listeriolysin 0 in similar quantity, differing only by their virulence in immunocompromised mice (Table 1) (Tabouret et al., 1991) . With a similarity with pathogenic strains of 72%, the two non-pathogenic strains made a separate group within L. rnonocytogenes 1/2a (Fig. 2) . These strains were characterized mainly by the loss of two major bands (68 and 98 kDa) found in all of the eight pathogenic L. rnonocytogenes strains of the same serovar. This 98 kDa band was, in fact present in the lowest quantity, as shown by its slight appearance when the largest quantity of extracts was used (not shown). Immunoblotting confirmed this last observation (Fig. 3, lanes 7 and 8; Fig. 4 , lanes 8 and 10) and showed that the 68 kDa band was replaced by another band of greater molecular size (Fig.  4) . Using the sv. 4b antiserum, immunoblotting showed also an additional band at 58 kDa in non-pathogenic strains (Fig. 3) .
Profiles of non-pathogenic L. monocytogenes sv. 1 /2a (six strains), which produced small quantities of haemolysin compared to their haemolytic counterparts, were similar.
Discussion
The viability of Listeria was already known to be unaltered by moderate treatment with SDS; indeed, this detergent was used, at concentrations similar to ours, to enhance the detection of Listeria in media heavily contaminated with other bacteria (Dominguez et al., 1989) . More recently, Bhunia et al. (1991) used SDS (2%) and P-mercaptoethanol(O.5 %) to extract Listeria surface proteins and they showed that the bacteria were still motile after such treatment (30 min, 37 "C). In our study, extraction was performed under low stringency conditions (1 % SDS, 5 min, 20 "C) and no lysis of bacteria was observed during the extraction, confirming previous observations (Lucas & Levin, 1989; Bhunia et al., 1991) . The surface location of all major components extracted by SDS was confirmed by their biotinylation in a very short time. Biotinylation, colouration with Coomassie blue and digestion with proteinase K of these major components demonstrated conclusively that they were proteins.
Electrophoretic analysis of the SDS extracts of whole Listeria revealed large differences between species and, within the species L. rnonocytogenes, between serovars. Compared to other species, i.e. L. innocua, L. welshirneri, L. seeligeri and L. ivanovii, L. rnonocytogenes isolates gave recognizable protein patterns. Only two major bands, at 42 and 50 kDa, appeared to be common to all species. The low number of common bands between L. rnonocytogenes and other species, also observed even in the case of common serovars, was highly relevant to our final purpose, which was the identification of proteins specific for L. rnonocytogenes. Within the species L. rnonocytogenes, SDS extract patterns appeared to be related to serovars. Large differences could be observed between serovars, particularly between sv. 1/2 and 4b. The comparison led to the identification of major proteins specific for some serovars of this species. The 76 and 78 kDa proteins were present only in sv. 4b, and to a lesser extent in sv. 4d and 4e. The 80 and 100 kDa bands were specific for patterns of L. rnonocytogenes sv. 4a and 4c. The 98 kDa band was present in sv. 1/2, 3 and to a lesser degree in sv. 7. Immunoblotting with sera directed against L. monocytogenes simplified profiles and confirmed these observations. All serovar-related bands, described above, showed high reactions with rabbit sera. Moreover, immunoblotting revealed two highly immunogenic proteins common to all L. monocytogenes strains, at 64 and 68 kDa. Immunoblotting studies presented a number of interesting features; they allowed further distinction between bands migrating in two patterns at the same apparent level. Immunoblotting also indicated that global antigenic similarity was low between species of Listeria and high between serovars of L. monocytogenes. Furthermore, immunoblotting studies suggested the possibility of significant homology between antigens of different molecular masses. The use in immunoblotting of sera directed against other serovars or other species of Listeria could reveal other species-or serovar-related antigens.
All these differences, either between species or between serovars, contrasted with results obtained in previous studies on the components of Listeria. The analysis of peptidoglycan and lipoteichoic acids has shown a similar structure for all Listeria species (Uchikawa et al., 1986; Fiedler & Ruhland, 1987) . The analysis of somatic (0) and flagellar (H) antigens, using highly absorbed antisera, allowed the determination of 16 serovars but not the identification of strains, since different species can have the same 0 and H composition (Seeliger & Jones, 1986) . Moreover, structural analysis of 0 antigen, represented by teichoic acid, did not reveal differences between species with identical serovar (Fiedler & Ruhland, 1987) . In the same way, analysis of metaquinone, fatty acid and cytochrome composition did not facilitate Listeria species differentiation (Collins et al., 1979; Feresu & Jones, 1988) . Our results contrasted especially with those involving electrophoretic analysis of whole-cell proteins (Lamont et al., 1986) , of 'soluble surface proteins' (Paquet et al., 1986) and of cell-wall proteins (Hof & Chatzipanagiotou, 1987) , where no differences were revealed either between L. ivanovii, L. seeligeri. L. welshimeri, L. innocua and L. monocytogenes, and/or between L. monocytogenes serovars. Only results obtained by McLauchlin et al. (1988) , with monoclonal antibodies, were to some extent analogous with our observations. The reaction, revealed by immunofluorescence of whole bacteria, of a monoclonal antibody with both L. monocytogenes sv. 4b and 50% of L. monocytogenes sv. 4 but not 4b can be correlated with the antigens at 76 and 78 kDa found in sv. 4b, 4d and 4e. A second monoclonal antibody reacted with both L. monocytogenes sv. 1/2 and 3, two serovars for which we found high similarity and numerous common bands. Unfortunately, the first monoclonal antibody reacted with L. innocua sv. 6a and the second one with L. seeligeri sv. 1/2. Therefore the originality of our work is to have identified, for the first time, structures that are apparently species-specific and rank above serovar.
For the first time with regard to structural components, the differences observed between SDS protein patterns of Listeria species were in agreement with DNA relatedness as determined by Rocourt et al. (1982) . DNA relatedness studies allowed the division of the species L. monocytogenes sensu lato into five distinct genomic groups. As seen in the dendrogram (Fig. 2) , the L. monocytogenes isolates in this study formed a cluster distinct from the other species, confirming the established classification. In the study by Rocourt et al. (1982) on DNA relatedness, differpxes among L. monocytogenes isolates were not examined. The analysis of SDSextracted proteins in our study revealed a significant separation between serovars, especially between sv. 1 /2 and 4b, which formed distinct clusters on the dendrogram. However, this clustering of L . monocytogenes was different from the one obtained using multilocus enzyme electrophoresis (MEE) studies. The use of MEE (Boerlin et al., 1991) has permitted confirmation of the conclusions of DNA-DNA hybridization studies and the definition among L . monocytogenes strains of two distinct clusters, comprising on the one hand sv. 4b, 4a, 1/2b and 3b and on the other hand sv. 1/2a, 1/2c and 3a (Piffaretti et al., 1989; Bibb et al., 1990; Boerlin et al., 1991) .
The distribution of serovars of L. monocytogenes in the environment and clinical cases has indicated a possible association between serovar and virulence (McLauchlin, 1987 (McLauchlin, , 1990 ). The surface proteins described here could contribute to the differences in virulence observed between serovars. Within L . monocytogenes sv. 1 /2a, the study of profiles from highly haemolytic strains has related some protein (98 and 68 kDa) to virulence for immunocompromised mice. The presence of a weak band of 98 kDa in profiles of non-pathogenic strains could be explained, besides a simple quantitative problem, by the superposition of two antigens in the profiles of pathogenic strains, one of them being missed in non-pathogenic strains. This hypothesis could be confirmed by two-dimensional analysis. The other band at 68 kDa, which seemed to be absent on SDS-PAGE of non-pathogenic strains, and which was replaced by another band with the highest molecular mass in immunoblotting of these strains, was interesting since it was present in all serovars of L . monocytogenes. The possible association of these protein bands with virulence of L. monocytogenes deserves further study, in particular in relation to intracellular penetration and cell-to-cell spread, due to their surface location. Recently, the involvement of two proteins in intracellular penetration of L. monocytogenes has been described. The first was an extracellular protein of molecular mass al., 1900) and the second was a surface-located protein (internalin) of predicted molecular mass 80 kDa, coded by the gene InZA (Gaillard et al., 1991) . In our extracts, no difference between pathogenic and non-pathogenic strains could be seen at this molecular size. Lastly, the lack of difference noticed in profiles of non-pathogenic and weakly haemolytic L. monocytogenes strains confirmed that the limiting factor in the virulence of these strains was probably the quantity of secreted listeriolysin.
In conclusion, the SDS-extracted proteins pattern of Listeria allowed an unequivocal identification of species. The identified surface proteins of L. monocytogenes, specific for species, serovars or virulence, could be used now to develop simpler methods of serotyping, as well as specific methods of strain identification and serodiagnosis. Further preliminary studies would have to be carried out to examine possible homologies between antigens of different molecular mass present in different species and serovars of Listeria. Moreover, the use of these results in the development of new methods of diagnosis requires the study of cross-reactions with surface proteins from other Gram-positive species. The high resolution of our gels allows studies of the influence of growth conditions (temperature, media, in vivo and in vitro adaptation) on the expression of surface proteins. It could also be fruitful to examine the role of the extracted proteins in the virulence of L. monocytogenes.
